One important question concerning the homeostatic regulation of many physiological processes is whether the control mechanisms are purely reflexogenic or whether they may involve neural adaptation in the form of learning and memory in the brainstem. Using a brainstem slice preparation in the rat, we studied the modifiability of neural transmission in the first-order synapses of the medial and commissural nucleus tractus solitarius of the medulla. Sustained low-frequency stimulation (5 Hz) of primary afferent fibers in the tractus solitarius resulted in a phasic depression (accommodation) of synaptic strength as reflected by a concomitant decrease in the evoked excitatory postsynaptic potentials. In one group of neurons (type I), synaptic strength recovered rapidly after low-frequency stimulation, whereas in another group of neurons (type II), synaptic strength remained depressed for Ͼ30 min, i.e., manifesting long-term depression (LTD). The latter was switched into a short-term depression lasting 15-25 min after pharmacological blockade of NMDA receptor channels with D-APV or chelation of intracellular calcium ions with EGTA, whereas the accommodation phase was unaffected. Application of an AMPA receptor anti-desensitization agent cyclothiazide abolished the LTD, but not the accommodation response. These results suggest the presence of separate postsynaptic sites for the induction of LTD and accommodation, one being sensitive to cyclothiazide, whereas the other is not. Moreover, the maintenance of LTD is dependent on the level of intracellular Ca 2ϩ . These phasic and long-term synaptic plasticity in the nucleus tractus solitarius may play a role in the homeostatic regulation of cardiorespiratory functions. The nucleus tractus solitarius (N TS) in the dorsal medulla of the mammalian brainstem is a gateway for many primary afferents from cardiovascular, respiratory, gastrointestinal, and other visceral sensory receptors important for homeostatic regulation (Andresen and Kunze, 1994; Barraco, 1994) . Although the physiological significance of the N TS is well recognized, the neural mechanisms underlying the central processing and integration of these afferent signals are not well understood. It has been widely assumed that unlike the complex behavioral f unctions in the higher brain, involuntary physiological f unctions in the lower brain, such as cardiorespiratory regulations, are probably largely reflexogenic in nature without much adaptation. However, studies in intact animals in vivo have revealed the possible existence of various memory systems in certain physiological processes involving the N TS, such as respiratory control (for review, see Eldridge and Millhorn, 1986; Poon, 1996a,b) and taste aversion (Houpt et al., 1996) . Nevertheless, until now there has been little evidence that N TS neurons are capable of learning and memory in the form of long-term potentiation (LTP) or long-term depression (LTD) as with neurons found in the hippocampus, neocortex, and cerebellum (for review, see Bliss and Collingridge, 1993; Bear and Malenka, 1994; Linden and Connor, 1995) .
One important question concerning the homeostatic regulation of many physiological processes is whether the control mechanisms are purely reflexogenic or whether they may involve neural adaptation in the form of learning and memory in the brainstem. Using a brainstem slice preparation in the rat, we studied the modifiability of neural transmission in the first-order synapses of the medial and commissural nucleus tractus solitarius of the medulla. Sustained low-frequency stimulation (5 Hz) of primary afferent fibers in the tractus solitarius resulted in a phasic depression (accommodation) of synaptic strength as reflected by a concomitant decrease in the evoked excitatory postsynaptic potentials. In one group of neurons (type I), synaptic strength recovered rapidly after low-frequency stimulation, whereas in another group of neurons (type II), synaptic strength remained depressed for Ͼ30 min, i.e., manifesting long-term depression (LTD). The latter was switched into a short-term depression lasting 15-25 min after pharmacological blockade of NMDA receptor channels with D-APV or chelation of intracellular calcium ions with EGTA, whereas the accommodation phase was unaffected. Application of an AMPA receptor anti-desensitization agent cyclothiazide abolished the LTD, but not the accommodation response. These results suggest the presence of separate postsynaptic sites for the induction of LTD and accommodation, one being sensitive to cyclothiazide, whereas the other is not. Moreover, the maintenance of LTD is dependent on the level of intracellular Ca 2ϩ . These phasic and long-term synaptic plasticity in the nucleus tractus solitarius may play a role in the homeostatic regulation of cardiorespiratory functions. The nucleus tractus solitarius (N TS) in the dorsal medulla of the mammalian brainstem is a gateway for many primary afferents from cardiovascular, respiratory, gastrointestinal, and other visceral sensory receptors important for homeostatic regulation (Andresen and Kunze, 1994; Barraco, 1994) . Although the physiological significance of the N TS is well recognized, the neural mechanisms underlying the central processing and integration of these afferent signals are not well understood. It has been widely assumed that unlike the complex behavioral f unctions in the higher brain, involuntary physiological f unctions in the lower brain, such as cardiorespiratory regulations, are probably largely reflexogenic in nature without much adaptation. However, studies in intact animals in vivo have revealed the possible existence of various memory systems in certain physiological processes involving the N TS, such as respiratory control (for review, see Eldridge and Millhorn, 1986; Poon, 1996a,b) and taste aversion (Houpt et al., 1996) . Nevertheless, until now there has been little evidence that N TS neurons are capable of learning and memory in the form of long-term potentiation (LTP) or long-term depression (LTD) as with neurons found in the hippocampus, neocortex, and cerebellum (for review, see Bliss and Collingridge, 1993; Bear and Malenka, 1994; Linden and Connor, 1995) .
A key issue regarding synaptic plasticity such as LTP and LTD is the cellular mechanisms underlying their induction and maintenance. Another unresolved question is whether the expression of LTP and LTD is presynaptic or postsynaptic. These important questions must be addressed in understanding synaptic plasticity in the NTS and higher brain centers in general.
Besides long-term synaptic plasticity, many cortical neurons exhibit phasic synaptic depression at repetitive afferent stimulation (Abbott et al., 1997) . Early evidence for phasic synaptic plasticity in the NTS was derived from the reported frequencydependent synaptic depression of these neurons in guinea pig (Miles, 1986) . It is not certain, however, whether such phasic response resulted from a depression of excitatory synaptic transmission or a potentiation of inhibitory transmission. Also, little is known about the cellular mechanisms underlying such phasic plasticity and whether it might be related to long-term plasticity, e.g., as a precursor to LTD.
In this investigation, we present direct experimental evidence of both LTD and a highly robust, phasic depression of excitatory synaptic transmission in specific areas of the rat NTS that are involved in cardiorespiratory regulation. More important, our results reveal that the induction and maintenance of LTD are contingent on the desensitization of AM PA receptors and the postsynaptic influx of calcium ions, respectively, whereas the induction of the phasic component is independent of both events and was distinct from LTD. These findings support the notion that differing postsynaptic mechanisms underlie the induction of phasic and LTD. We propose that such phasic and long-term plasticity in the N TS may contribute to the adaptive regulation of autonomic and respiratory f unctions for the maintenance of homeostatic stability.
MATERIALS AND METHODS
Brainstem slice preparation. Transverse brainstem slices (400 m) around the level of the obex were prepared from 3-to 21-d-old Sprague Dawley rats, as described previously by Champagnat et al. (1983) . Briefly, the animal was craniotomized under metofane anesthesia, and the brainstem and upper cervical spinal cord were removed rapidly and glued to the cutting stage of a vibratome (TPI, Series 1000). Throughout the surgical and sectioning procedure, the brainstem was immersed in chilled artificial cerebrospinal fluid (AC SF) saturated with carbogen (95% O 2 and 5% C O 2 ) and containing (in mM): NaC l 125, KC l 3, C aC l 2 2.5, NaHC O 3 26.5, MgSO 4 1.5, NaH 2 PO 4 1, glucose 10, pH 7.4. After stabilization at room temperature in carbogenated AC SF for at least 1 hr, the brainstem slice was transferred to a recording chamber on a microscope stage (Nikon, Diaphot 200), stabilized under a nylon mesh, and submerged continuously and superf used with carbogenated AC SF at 32°C.
Stimulation and recording. Under visual control with a micromanipulator (Newport, MX100R), a monopolar tungsten electrode with an ultrafine tip (F HC; 5 M⍀, 0.005Љ diameter) was positioned at the tractus solitarius (TS) for electrical stimulation of the primary afferents. Wholecell patch recordings in N TS cells were obtained using a low-noise amplifier (Axopatch 200A, Axon Instruments, Foster C ity, CA) with a fluid-filled micropipette (resistance, 4 -10 M⍀) containing (in mM): KC l 130, C aC l 2 0.4, EGTA 1.1, MgC l 2 1, NaC l 5, potassium H EPES 10, Mg 2ϩ -adenosine triphosphate 2, and Na 2ϩ -guanosine triphosphate 0.1, pH 7.2-7.3. The micropipette was positioned at the commissural or medial N TS using a motorized drift-free micromanipulator. Neurons were approached blind and a gigaohm seal was formed by a gentle suction of the micropipette. Once in the whole-cell mode, a stabilization period of ϳ10 min was allowed before recordings began. Membrane characteristics were monitored periodically by injection of hyperpolarizing current pulses (Ϫ0.01 nA) through the patch electrode. EPSPs or EPSC s were induced by single electrical impulses (pulse width, 0.1 msec; intensity, 3-10 V) delivered by a stimulator (S48 with isolation unit, model STU5B, Grass Instruments, Quincy, M A) at 20 sec intervals. The responses were judged to be mediated by first-order synapses of the TS -N TS pathway if their latency was between 3 and 5 msec; stimulus artifacts that preceded the postsynaptic response were eliminated. Amplitude of evoked EPSPs (range, 5-15 mV) or EPSC s was used as a measure of synaptic strength. L ow-frequency stimulation (L FS) of TS was applied with similar impulses in a repetitive train (pulse frequency, 5 Hz; train duration, 9 sec; train period, 10 sec) lasting 5 min. During L FS, EPSPs corresponding to the first pulse of each train were recorded. In some cells, a brief period of high-frequency stimulation (HFS; 100 Hz, 2 sec) of TS was applied.
Pharmacolog y. In all experiments, bicuculline (10 -20 M) was added to the bath solution to suppress inhibitory synaptic transmission via GABA A receptors. E xcitatory postsynaptic responses were verified by bath application of 6-cyano-7-nitroquinoxaline-2,3-dione (C NQX, 10 M) and 2-amino-5-phosphonovalerate acid (D-APV, 50 M), which are selective antagonists for non-NMDA and NMDA receptors, respectively. Where necessary, desensitization of AM PA receptors was precluded by the addition of cyclothiazide (C YZ, 100 M) to the perf usate. In some experiments, the patch electrode solution was enriched with EGTA (10 mM) to chelate intracellular C a 2ϩ in the postsynaptic cell. All neurochemicals were obtained from Research Biochemicals International (Natick, M A).
Data analysis. The raw signals were displayed continuously on a strip chart recorder (Nihon Kohden) and stored on a digital audiotape recorder (DTR-1200, Bio Logic). Episodic data were displayed on a storage oscilloscope and stored on a computer hard disk via an analog-to-digital converter with a commercial data analysis package (pCLAMP6, Axon Instruments). Episodic EPSPs and EPSCs were averaged before, during, and after LFS. Differences between means were tested by means of the Student's t test at the 5% significance level, unless otherwise stated.
RESULTS

Post-tetanic potentiation
A schematic of the transverse brainstem section and the arrangement of the stimulating electrode and whole-cell patch-recording micropipette is illustrated in Figure 1 . First, we verified the stability of the experimental preparation using a high-frequency (tetanic) afferent stimulation (HFS) protocol that has been used previously to study synaptic transmission in the NTS using intracellular recording with sharp electrodes (Fortin et al., 1992) . In agreement with the previous study, synaptic strength in the TS-NTS pathway increased transiently during HFS. Thereafter, the evoked EPSPs returned to control level and remained stable (Fig.  2) . In some neurons, a short-term (ϳ1 min) post-tetanic potentiation ensued after HFS. No long-term changes in EPSPs were seen. Thus, the whole-cell recording was stable and similar to sharp electrode recording.
LTD and short-term depression (STD)
In contrast to HFS, sustained LFS of TS induced various synaptic responses in NTS neurons (Fig. 3 ). According to their responses after L FS, neurons were divided into two groups. In one group of neurons (type I), synaptic strength recovered rapidly after LFS (Fig. 3A) . In another group of neurons (type II), the post-LFS response was biphasic ( Fig. 3B ): a partial recovery phase within the first 5 min, followed by a prolonged period of sustained depression, or LTD phase. There were no appreciable changes in resting membrane potentials (range, Ϫ50 to Ϫ78 mV) or membrane resistance and capacitance before and after LFS (Fig. 4) .
The postsynaptic influx of C a 2ϩ via NMDA receptors is a key step in the induction of LTD in many types of neurons in the higher brain (Bliss and Collingridge, 1992; Debanne and Thompson, 1994; Linden and Connor, 1995) . To investigate whether postsynaptic C a 2ϩ and /or NMDA receptors were responsible for the differing post-L FS responses of type I and type II neurons, we repeated the above experiment using (1) bath application of D-APV (50 mM) to block the NMDA receptors, or (2) an electrode solution filled with a high concentration of EGTA (10 mM) to chelate intracellular C a 2ϩ in the postsynaptic cell. In one group of neurons, the post-L FS response recovered rapidly in a manner similar to that of type I neurons not treated with D-APV or EGTA (Fig. 5A) . In another group of neurons, however, the post-L FS response exhibited a slow-recovery STD lasting 15-25 min (Fig. 5B) . Thus, the maintenance of LTD in type II neurons was impaired after D-APV or EGTA treatments.
The present finding of a critical role of intracellular Ca 2ϩ and NMDA receptor in the maintenance (but not induction) of LTD in N TS neurons is in contrast to previous findings in the hippocampus (Dudek and Bear, 1992; Mulkey and Malenka, 1992; Bolshakov and Siegelbaum, 1994) and neocortex (Brocher et al., 1992; K irkwood et al., 1993; C astro-Alamancos et al., 1995) , in which the application of C a 2ϩ chelators (such as EGTA or BAP TA) or APV often blocked the induction of LTD. However, a switching of LTD to STD by APV or EGTA / BAPTA was also observed in some neocortical neurons (Brocher et al., 1992; Kirkwood et al., 1993 ; C astro-Alamancos et al., 1995). Although blockade of LTD by D-APV could result in fast recovery during the post-LFS period as in some hippocampal neurons (Dudek and Bear, 1992; Mulkey and Malenka, 1992) 
Phasic synaptic depression
In addition to LTD, LFS also elicited a phasic synaptic depression as evidenced by a transient decrease in the synaptic strength to Ͻ50% of control level after 5 min of LFS (Fig. 3) . This phasic response, hereinafter referred to as synaptic accommodation, was consistently observed in all type I and type II neurons. As shown in Figure 5 , the accommodation response during LFS was not abolished by application of D-APV or EGTA, suggesting that this phasic component was Ca 2ϩ -independent and distinct from the LTD component. Thus, accommodation was highly prevalent and robust in NTS cells.
Such phasic, activity-dependent depression of excitatory synaptic transmission in the rat NTS is in agreement with the frequency-dependent depression of these neurons observed previously in guinea pig (Miles, 1986) . In that study, a continuous 5 Hz stimulus resulted in a concomitant decrease of ϳ35% in EPSP amplitude within 30 sec, followed by a rapid recovery in the poststimulation period. In comparison, the present results showed a 55-65% reduction in all cells over a 5 min stimulation interval that led to a sustained poststimulation LTD in type II cells. Thus, it appears that accommodation is a phasic phenomenon and is inducible by a brief stimulus, whereas a sufficiently long stimulation duration (several minutes) is required for the induction of STD (and subsequently, LTD) in NTS cells. Such low-frequency, long-duration stimulation protocol is compatible with the 1-5 Hz, 900-pulse protocol suggested for the induction of LTD in hippocampus and visual cortex (Dudek and Bear, 1992; Kirkwood et al., 1993) .
CYZ abolishes STD and LTD, but not accommodation
One possible explanation for the accommodation response is that non-NMDA (AM PA / kainate) receptors, which account for much of the glutamatergic EPSPs in NTS neurons (Andresen and Yang, 1990) , may be desensitized by glutamate itself and become unresponsive to continued glutamatergic activation. Although the short-term kinetics of AMPA receptor desensitization is quite rapid (with a time constant of ϳ10 msec) (Trussell et al., 1993) , it remains possible that other slow components of desensitization might be elicited by sustained LFS.
Accordingly, we measured the changes in excitatory synaptic strengths before and after bath application of CYZ (100 mM), a selective AMPA receptor anti-desensitization agent (Partin et al., 1993) . CYZ markedly enhanced the amplitudes of both evoked EPSCs and spontaneous EPSCs in voltage-clamp mode (Fig.  6 A, B) and EPSPs in current-clamp mode (Fig. 6C ) of NTS neurons, with the resultant induction of action potentials in the latter. The effect of CYZ on spontaneous EPSCs was almost completed blocked by CNQX (Fig. 6a1) , suggesting a mediation of the postsynaptic responses by non-NMDA (AMPA/kainate) receptors in these neurons. Furthermore, the evoked postsynaptic responses were almost totally blocked by application of CNQX before CYZ (Fig. 6 B) , but not after CYZ (Fig. 6 A, C) . The difference in the effects of CNQX before and after CYZ may be attributable to the competitive combination of CNQX and CYZ with AMPA receptors. In Figure 7A , LFS not only abolished the facilitation effects of CYZ but also decreased the EPSP amplitudes to Ͻ50% of control level (before CYZ). This result suggests that the mechanism of accommodation is distinct from the glutamate-induced, CYZblocked, desensitization of AMPA receptors.
One important question is whether the mechanism of accommodation is presynaptic or postsynaptic. Evidence both for and against possible presynaptic and postsynaptic mechanisms has been proposed on considerations of the changes in membrane potential and spontaneous synaptic events as well as on quantal analysis of neurotransmitter release (Miles, 1986) . To address this question, we compared the magnitudes of the accommodation response to LFS, with and without CYZ. As shown in Figure 7B , the evoked EPSPs had similar amplitudes at the end of the LFS period, whether or not CYZ was present. As a consequence, the degree of accommodation (percent decrease from pre-LFS levels) of the EPSP response was greater under CYZ than that in normal slices (without CYZ). We interpret this result as suggesting that the locus of accommodation was postsynaptic, because a given presynaptic decrease in transmitter release would have led to proportionate decreases in evoked EPSPs from pre-LFS levels in both conditions (Fig. 7B) .
Furthermore, although CYZ greatly enhanced control EPSPs, it was ineffective for the accommodated EPSPs during LFS. Thus, the LFS-induced accommodation superseded CYZ action in regulating the conductance of AMPA receptor gated channels.
In contrast to the persistence of the accommodation response under CYZ, the post-LFS evoked EPSP response returned rapidly toward the pre-LFS level under CYZ (Fig. 6C) . The time course of the recovery was reminiscent of that for type I cells. None of the cells treated with CYZ exhibited LTD or STD (n ϭ 5) (Fig. 7C) . The effect of C YZ is statistically significant ( p Ͻ 0.05) assuming a binomial distribution with a 9:8 population distribution for type I and type II cells (Fig. 3) . Thus, type II behavior was abolished by C YZ.
DISCUSSION
Phasic and LTD in NTS cells
The present study provides the first experimental demonstration, at a cellular level, of an activity-dependent LTD of excitatory synaptic transmission in a brainstem area important for homeostatic regulation. Such activity-dependent, homosynaptic LTD in NTS is akin to the LTD found in the hippocampus (Dudek and Bear, 1992; Mulkey and Malenka, 1992) , visual cortex (Kirkwood et al., 1993) , somatosensory and motor cortexes (CastroAlamancos et al., 1995) , as well as the dorsal (Randic et al., 1993) and ventral (Pockett and Figurov, 1993) horns of the spinal cord. Thus, LTD is probably generally expressed in many types of neurons and may subserve a wide range of f unctions throughout the C NS.
Many questions remain regarding the characteristics of the newly discovered LTD in the N TS. For example, it is not clear whether the LTD is saturable on repeated induction by LFS or is reversible by means of other inputs. Also, it is not certain whether the LTD is specific to the type of input and /or input-output pairing. Nevertheless, it must be emphasized that the observed LTD was not the result of changes in passive membrane characteristics or deterioration of cell function (attributable to cytosolic washout or otherwise) in the whole-cell mode. Because a long stabilization period was allowed before LFS, any washout effect would have been apparent during the control period. Such washout effect was also not apparent in cells subjected to HFS in which the primary response was a potentiation instead of depression, in agreement with previous findings (Fortin et al., 1992) . Finally, the absence of LTD in type I cells and the sensitivity of the LTD to various pharmacological agents in type II cells strongly indicate that the observed LTD after LFS was not merely a rundown effect of cellular function.
In contrast to LTD, demonstration of LTP in NTS cells has proved difficult (Fortin et al., 1992) . Interestingly, a similar tetanus stimulation protocol led to a sustained potentiation of inhibitory synaptic transmission in the dorsomedial NTS (Glaum and Brooks, 1996) . The expression of LTD, and not LTP, of excitatory TS-NTS synapses is analogous to the preponderance of heterosynaptic LTD and absence of LTP in the parallel fibersPurkinje cell synapses in cerebellum (Ito, 1989; Linden and Connor, 1995) . Presumably, the induction of LTP in the NTS may call for experimental protocols different from the present approach, such as the use of bursts, which was reportedly more A, In one group of neurons, synaptic strength recovered within 5 min after L FS and remained stable for Ͼ30 min (top panel ) in both the APV group (n ϭ 5) and the EGTA group (n ϭ 4). The time course of recovery in these neurons was similar to that of the type I (untreated) neurons (bottom panel ). B, In another group of neurons, synaptic strength recovered after 15-25 min after LFS in the APV group (n ϭ 3) and the EGTA group (n ϭ 4), indicating a slow-recovery short-term depression effect that is distinct from the LTD in the LTD group (top and bottom panels). The LTD and STD in type II neurons are clearly distinguishable from the rapid recovery in type I neurons (compare bottom panels in A and B). The EPSPs of the APV group at 30 min time mark (bottom panel ) were derived from corresponding values at 20 min after LFS when the responses had already returned to the baseline level.
effective in inducing LTP in the hippocampus than tetanic stimulation (Larson et al., 1986) .
Another major finding of the present investigation was that LFS elicited not only LTD but also a phasic and highly robust accommodation response. By contrast, a transient facilitation is often observed in hippocampal neurons during L FS before any subsequent decrease in synaptic strength (Mulkey and Malenka, 1992) .
Distinct mechanisms for phasic and LTD
More important, our results showed that accommodation and LTD are distinct events elicited by L FS with differing induction mechanisms. Thus, accommodation was expressed in type I cells and in all cells after treatment with C YZ, whereas LTD was not. Also, the accommodation response was not influenced by blockade of NMDA receptor channels and chelation of intracellular Ca 2ϩ , whereas the LTD in type II cells was switched into STD under these conditions.
The concurrent absence/presence of both STD and LTD in type I /type II cells and C a 2ϩ -dependent switching of the LTD into STD in type II cells reveal that the induction of STD was a critical step that preceded the subsequent maintenance of LTD in type II cells. Thus, L FS elicited LTD in two steps. In phase I (induction phase), a transient STD of non-NMDA receptors was induced; in phase II (maintenance phase), the transient synaptic depression was maintained by processes (e.g., second messenger systems) triggered by an increased intracellular C a 2ϩ level resulting from the activation of NMDA receptors. Consequently, the lack of STD in type I cells predisposes to the absence of LTD in these cells.
Furthermore, the absence of STD and LTD in CYZ-treated cells suggests that AMPA receptor desensitization is one the first steps in the chain of events that leads to the induction of STD and the subsequent maintenance of LTD. Taken together, these results suggest that LFS concomitantly elicits a phasic, CYZindependent accommodation and a CYZ-dependent desensitization of AMPA receptors. In type II cells, the desensitization develops into STD in the poststimulation period, which, in turn, leads to LTD when sufficient Ca 2ϩ ions are present in the postsynaptic cell.
Sites of phasic and LTD
In Figure 7B , the antidesensitization action of CYZ on postsynaptic AMPA receptors (Partlin et al., 1993; Trussell et al., 1993) is superseded by the phasic depression induced by LFS, suggesting that the expression of phasic depression is postsynaptic and CYZ-independent.
The question of whether presynaptic or postsynaptic mechanisms contribute to the induction of hippocampal LTP or LTD has been a subject of considerable controversy. The present finding that CYZ abolished LTD suggests that the induction of STD and subsequent LTD is at least partially postsynaptic and contingent on the desensitization of AM PA receptors. Moreover, the mechanism underlying the induction of STD and LTD must be distinct from that of accommodation, because the latter was not affected by C YZ.
One possible explanation for all of the above findings is that both accommodation and LTD may be brought about by an inactivation of postsynaptic AM PA receptors, but perhaps through different allosteric sites, one being sensitive to CYZ and the other not (Fig. 8) . A possible initiating mechanism for both the phasic and the LTD components is the activation of postsynaptic metabotropic glutamate receptors (mGluRs), known to trigger some forms of LTD (Linden et al., 1991; Kato, 1993; Shigemoto et al., 1994) . However, the AM PA-mediated synaptic currents in N TS neurons were found to be potentiated (rather than depressed) by the mGluR agonist 1S,3R-AC PD (Glaum and Miller, 1993) . Nevertheless, it remains possible that other mGluR subtypes insensitive to 1S,3R-AC PD (Westbrook, 1994 ) might contribute to the accommodation and /or LTD in N TS neurons.
Physiological significance of phasic and LTD in NTS
In view of the functional diversity of the NTS, it is difficult to extrapolate such phasic and long-term plasticity observed in vitro to corresponding physiological behaviors of the intact animal in vivo. Nevertheless, in light of the prevalence of synaptic accommodation in both type I and type II cells, it is reasonable to surmise that synaptic accommodation is probably a common cellular mechanism underlying many physiological processes involving the NTS regions under study, which are known to receive afferent inputs from baroreceptor, chemoreceptor, and pulmonary receptors important for cardiovascular and respiratory control (Andresen and Kunze, 1994; Barraco, 1994) . One well-known phenomenon in which accommodation may be of relevance is the acute resetting of baroreflex control commonly found in experimental animals and humans (Mancia et al., 1986; Chapleau et al., 1995) . Specifically, after brief elevation of arterial blood pressure, the baroreflex curve often shifts rightward so that a greater pressure stimulus is needed to elicit a reflex response. It has been shown recently that apart from the passive resetting of baroreceptors, there is a second component of acute baroreflex resetting that is of CNS origin (Heesch and Barron, 1992) . Moreover, this central component is inducible within minutes by electrical stimulation of the carotid sinus nerve at an intermediate frequency of ϳ10 Hz and recovers rapidly after cessation of the stimulus. Such characteristics of the central component of acute baroreflex resetting determined in rat in vivo (Heesch and Barron, 1992) are strikingly similar to the synaptic accommodation response presently found in the rat NTS in vitro. Figures 3-7 . According to this model, LFS of afferent fibers in the TS releases the excitatory neurotransmitter glutamate (Glu). The continued presence of Glu, in turn, inactivates postsynaptic AM PA receptors (A MPAR), but perhaps through different allosteric sites, one being sensitive to C YZ (solid ovals) and the other not. The C YZ-insensitive site accounts for the induction of accommodation, whereas the C YZ-sensitive site contributes to AM PAR desensitization. In type II cells, the AM PAR desensitization develops into a poststimulation STD that is absent (brok en arrow) in type I cells. Subsequently, the STD is maintained by second-messenger systems that are triggered by an influx of C a 2ϩ via NMDA receptors (NMDAR) during LFS, resulting in LTD. Blocking the NMDAR channels and /or chelation of intracellular Ca 2ϩ abolish this maintenance phase, thereby switching the LTD into STD in type II cells.
Another important effect in which accommodation may play a role is the hypoxic depression of respiration, which has been well documented in experimental animals and humans (Bisgard and Neubauer, 1995) . As with acute baroreceptor resetting, hypoxic respiratory depression has both a central and a peripheral (chemoreceptor) component and is manifested as a gradual "roll-off" of the initial response to the hypoxic stimulus. An activitydependent attenuation of synaptic transmission mediating the hypoxic stimulus has been proposed as a likely mechanism of central hypoxic depression (Poon, 1996a ).
Less clear is the possible f unctional correlate of LTD, which has been observed in only half of the N TS cells. Presumably, LTD is not a generic property of all N TS neurons, but is specific to certain physiological systems. Presently, there has been no evidence of any long-term memory in the neural control of the cardiovascular system, and thus type II cells are probably not associated with circulatory regulation. On the other hand, many studies in both animal models and human subjects in vivo have indicated the possible existence of both long-term and short-term memory in the respiratory system (Eldridge and Millhorn, 1986; Poon, 1996a,b) . In particular, the hypoxic respiratory depression in humans is known to persist for some time after withdrawal of the hypoxic stimulus (Bisgard and Neubauer, 1995) . This behavior is compatible with a neural memory effect of sustained depression of synaptic transmission and is consistent with the LTD in type II N TS cells (Poon, 1996a) .
In conclusion, we have shown that neurons in the NTS exhibit LTD and a phasic, highly robust accommodation on LFS of the afferent inputs in the TS. Both phenomena are expressed postsynaptically, but induction and maintenance of LTD are contingent on AM PA receptor desensitization and C a 2ϩ influx, respectively, whereas accommodation is independent of both. Such phasic and long-term synaptic plasticity in the N TS may play a role in the homeostatic regulation of cardiorespiratory f unctions.
